This work assesses the possibility of using flocculent sludge in UASB reactors applied to the treatment of dairy wastewater and studies the effect of hydraulic retention time (6, 8, 12 and 16 h) on the performance of the reactors. The results show that the performance of flocculent sludge is similar to what has been reported in literature for granular sludge. It was observed that by raising the HRT from 6 to 12 h the performance of the system is improved concerning the maximum applicable load, the COD removal efficiency and methane production, but by raising the HRT from 12 to 16 h the differences are not meaningful. To attain soluble COD removals, VFA removals and protein mineralisation near 80% and fat removals above 60% it is necessary to operate the UASB reactors at an HRT of at least 12 h. In addition to this the reactors must be operated at loads under 2.5 g COD/ℓ·d in order to attain a conversion to methane of the removed COD above 70%.
Introduction
The absence of granulation in UASB reactors used for the treatment of dairy wastewater has been considered as a major limitation to the application of this technology to this kind of complex substrates. According to Lettinga et al. (1998) , the operation of UASB reactors does not need granular sludge and it is possible to use flocculent sludge with good settleability. It is known that in the case of the anaerobic degradation of dairy wastewater (DWW) the limiting step is the hydrolysis of particulate substrates (Pavlostatis and Giraldo-Gomez, 1991) or the degradation of the long-chain fatty acids, LCFA, to volatile fatty acids, VFA, (Hanaki et al., 1981) . According to Yang and Anderson (1993) in the anaerobic degradation of DWW the bacterial population of fat hydrolysers and LCFA oxidisers should comprise as much as 60% of the total biomass in order that the granular sludge may be able to completely degrade the fat present in the wastewater.
According to the same authors it is possible that a biomass with the required ecological structure is unable to remain in granular form being selectively washed out from the reactors once it has been formed. Moreover, the results from Yang and Anderson (1993) show that the ecological population shift was rather slow with granular sludge. It is natural that flocculent sludge being predominantly acidogenic (Lettinga, 1996) will result in a better degradation of complex substrates, compared to granular sludge which is mainly methanogenic (Lettinga, 1996) . Hwu (1997) verified that in expanded granular sludge bed (EGSB) reactors the bacteria that degrade LCFA to VFA were found in the fine biomass particles and not in granular aggregates. This might be an explanation for some results in the literature indicating a low degradation of milk fat in anaerobic reactors with granular sludge (Yang and Anderson, 1993; Petruy and Lettinga, 1997) . These findings led Hwu (1997) to operate granular sludge reactors with biomass recirculation, an HRT of 24 h and upflow velocities of 1 m/h, a set of flow conditions that are more typical of UASB reactors than of EGSB reactors. On the other hand UASB reactors inoculated with flocculent sludge bear higher solids content in the feed than the granular sludge reactors (Lettinga et al, 1998) , and so the former is more adequate for the treatment of dairy wastewater. In full-scale DWW treatment plants generally a partial acidification takes place in the equalisation basin raising the solids content of the reactor feed.
The objective of this work was to study the application of UASB reactors inoculated with flocculent biomass for the degradation of dairy wastewater at mesophilic temperature. In order to study the influence of the hydraulic retention time (HRT) and the organic load on the reactor behaviour, UASB reactors were operated at HRTs of 6, 8, 12 and 16 h with organic loads ranging between 1 and 8 g COD/ℓ·d.
Experimental
For this study cylindrical UASB reactors were used with a height of 1.70 m and a working volume of 31.7 ℓ, built out of PVC and topped with three-phase separators as described by Fergala (1995) . The reactors were kept at a temperature of (35±1)°C in a climate room. Every hour the sludge bed was intermittently mixed with a mechanical agitator at 40 r/min for 10 min, to prevent channelling and to improve the feed-biomass contact.
Initially the reactors were fed with wastewater from a dairy industry (COD 700 to 1 200 mg/ℓ; fats 75 to 150 mg/ℓ; pH 9.5 to 11) supplemented with alkalinity and nutrients as in Gujer and Zendher (1983) . From the third month onwards the feed was prepared by dilution of semi-skimmed milk with tap water and addition of alkalinity and nutrients. 19-CB 50 m x 0.53 mm df 2 mm, (T=80°C). The injection temperature was 225°C and helium was used as carrier gas at a flow of 1 to 5 mℓ/min. The methane content in the biogas was analysed in a Chrompack GC 4385 gas chromatograph with a TCD (T=180°C) equipped with a Carboplot P7 25 m x 0.53 mm df 25 mm (T=100°C). The injection temperature was 180°C and hydrogen was used a carrier gas with a pressure of 32 kPa. The reactors were seeded with flocculent sludge from an urban wastewater treatment plant previously adapted to dairy substrate in the laboratory for a 2-month period (VSS=23 g/ℓ; TSS=27.4 g/ℓ; COD=19 g/ℓ; pH=7.5). Each reactor was seeded with 20 ℓ of sludge. The methanogenic activity of the sludge was 0.26 gCH 4 -COD/gVSS.d determined with sodium acetate with a concentration of 0.6 g COD/g SSV at (35±1)°C. The sludge content in the reactors was determined regularly by calculation of the volatile suspended solids (VSS) profile along the reactor height. The filtered COD samples were obtained with Whatman GFC (CODpf) and with membrane OE67 from Schleicher & Schuel (CODmf).
Results and discussion
Figures 1 and 2 present the COD removal efficiencies and the methane production resulting from the operation of four UASB reactors with different HRT. The COD removal was calculated from the total COD of the feed and the paper filtered COD (CODpf) of the effluent.
It is clear that for the lower HRTs (6 and 8 h) the COD removal efficiencies and especially the methane productions are inferior to those obtained with the higher HRTs (12 and 16 h). Yet for all the HRTs tested the COD removal efficiency and the methane production present a somewhat sharp decrease corresponding to a certain load (3 to 6 g COD/ℓ·d) which was lower for the smaller HRT. Some authors have previously reported a sharp decrease in the COD removal efficiency for loads above 2-4 g COD/ℓ·d in the operation of sludge bed anaerobic reactors fed with dairy effluents (Bull et al., 1982; Shin and Paik, 1990; Morgan et al., 1991) .
Considering that the optimum load corresponds to the maximum COD removal efficiency, the results of this work (Figs. 1 and 3) show that the raise in the HRT from 6 to 8 h or from 8 to 12 h results in a significant raise of the optimum load, but a similar improvement is not observed for a raise in the HRT from 12 to 16 h. An influence of the HRT was also observed in relation to the methane production, although the most striking influence of the HRT was observed between 8 and 12 h HRT, as can be seen in Fig. 2 . Figure 4 presents the methanisation of the removed COD for the several HRTs studied. For a 6 h HRT the per cent conversion is approximately constant and very low (< 20%). For the 8 h HRT the methanisation of the removed COD has a maximum (25% to 40%) for the lower loads, dropping to a value of about 15% for the higher loads. For the reactors operated with an HRT of 12 and 16 h the methanisation is higher, from 80% to 85% with the lower loads to 20% to 30% with the higher loads. It can be seen from Figs. 3 and 4 that for all the 
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HRTs tested the maximum value of the conversion to methane of the removed COD does not correspond to the optimum load (load at which the maximum COD removal efficiency is obtained) but to a quite lower load. As an example, with the 12 h HRT reactor the optimum load was 4.5 g COD/ℓ·d, with a removal efficiency of about 90%, yet the conversion to methane obtained with the same load was only 45%, which implies heavy accumulation of organic matter in the sludge bed. Analyses of the data published in the literature for anaerobic reactors treating dairy wastewater confirm the discrepancy between COD removal and COD methanisation supporting the idea of heavy accumulation of organic matter in the sludge bed. Motta Marques et al. (1990) verified that in fluidised bed reactors (HRT 10 to 120 h, loads 0.5 to 12 g COD/ℓ·d) the conversion to methane of the removed COD was 40% to 55%, whilst the COD removal reached 70% to 93%. In that work the substrate accumulation was confirmed by the formation of organic layers inside the reactors that impaired the bed expansion for the lower flows. In a study with horizontal anaerobic filters treating dairy wastewater Córdoba et al. (1984) obtained conversions to methane of the removed COD under 50% when the load surpassed 3 g COD/ℓ·d while the COD removal was kept between 85% and 90%.
The results obtained in this work also show a similar tendency to what was reported by Strydom et al. (1995) who verified that for a UASB-hybrid reactor treating dairy wastewater and operated with an HRT of 4.5 d the conversion to methane of the removed COD dropped from about 85% for a load of 1.37 g COD/ℓ·d to about 67% to 68% for loads of 2.04 to 2.29 g COD/ℓ·d. González et al. (1994) observed that in UASB reactors treating dairy wastewater the conversion to methane of the removed COD decreased gradually from about 80% to about 65% for HRTs of between 0.5 and 1.5 d and for COD removal efficiencies of 93.4% to 95.4%. For comparison the results from González et al. (1994) and Strydom et al. (1995) are presented in Fig. 4 together with the results obtained in this work for all the HRTs tested.
The authors referred to above (Bull et al., 1982; Córdoba et al., 1984; Motta Marques et al., 1990; Shin and Paik, 1990; Morgan et al., 1991; González et al., 1994; Strydom et al., 1995) justified the observed reactor failure by the accumulation of organic matter inside the reactors and the loss of active biomass by sludge wash-out.
In this work the build-up of organic matter (especially fats) in the reactor sludge bed resulted in biomass flotation and accumulation in the upper section of the three-phase separator, forming a layer that can reach a depth of 50 to 100 mm. Biomass and a significant amount of whitish organic matter oily to the touch formed this sludge layer. It was observed that the sludge layer remained agglomerated on the top of the reactor and that an interruption of the reactor operation during periods of more than one day would lead to the sedimentation of this layer. Due to the formation of this sludge layer on the top of the three-phase separator the operation of the reactors also included the daily cleaning of the biogas lines in order to avoid clogging by the fatty matter and biomass entrained with the ascending biogas.
The results presented here, in relation to the effect of the HRT on the behaviour of the UASB reactors used for the treatment of DWW, indicate that a raise of the HRT from 6 to 12 to 16 h will benefit the system in terms of COD removal efficiency and methanisation of the substrate removed. In what concerns the substrate degradation, the raising of the HRT may have two opposing effects in the UASB performance, namely it may raise the contact time between the biomass and the substrate, allowing for a better degradation of the organic matter (Backman et al., 1946) , while, on the other hand, the lowering of the upflow velocity may diminish the mixing inside the reactor and for that reason impair the contact between the substrate and the biomass. Within the range of volumetric flows tested in this work, the raising of the upflow velocity will cause more biomass entrainment, heavier formation of sludge layers on the top of the reactor and consequently a higher biomass wash-out. The results presented in Fig. 5 confirm that the loss of biomass was higher with the lower HRTs. In all the reactors a significant loss of biomass was observed in the first 40 d of operation (corresponding to organic loads of less than 5 g COD/ℓ·d). This initial biomass wash-out was heavier in the reactors operated with 6 and 8 h HRT (85% and 80% of biomass wash-out, respectively) , compared to the reactors operated over 12 and 16 h HRT (45% and 35% biomass wash-out, respectively). From the 50 th day onwards the biomass content in the reactors with 12 and 16 h HRT stabilised. In the reactor operated at 8 h HRT there was a slight improvement in the biomass content between the 40th and the 60th days whilst with the 6 h HRT the stabilisation of the biomass content was verified only for very low biomass values inside the reactor.
Since it was observed that the reactors operated with 6 and 8 h HRT had a low biomass concentration, these reactors were reinoculated with flocculent sludge from a municipal wastewater treatment plant. The re-inoculations took place at day 72 and 96, as indicated by the arrows in Fig.5 , and it was observed that the first re-inoculation had different effects in the two reactors. In the reactor with 6 h HRT the re-inoculation had a detrimental effect in the sludge bed leading to an almost complete loss of reactor biomass, whilst for the 8 h HRT reactor no significant effect was noted in terms of biomass content, that is 25 d after the re-inoculation the biomass concentration was similar to the situation before the re-inoculation. A second re-inoculation was made to assess in detail the effect of the addition of non-adapted biomass to the reactors. The amount of added biomass was calculated so as to obtain the same biomass concentration in both reactors (6 and 8 h HRT). The analysis of the biomass content at days 98, 108 and 115, confirmed the detrimental effect of the re-inoculation with non-adapted biomass, which was clearly observed in both reactors. Probably the added biomass clogged to the biomass already present inside the reactors and due to its lack of adaptation to the substrate it was easily entrained, leading to a heavy biomass wash-out from the reactors within only 20 d of operation. Apparently, the extension of the negative effects of the re-inoculation does not depend on the HRT and the load imposed upon the reactors.
These results suggest that the re-inoculation with nonadapted sludge should not be considered as a strategy to improve the behaviour of UASB reactors used for the treatment of dairy wastewater, since the effects are detrimental to the sludge bed. Figure 6 presents the average results of the removal of soluble COD (CODmf), VFA and fats removal, and also the efficiency of protein mineralisation, for all the HRTs tested. In what concerns the CODmf and VFA removals and protein mineralisation, the most significant effect of a raise in the HRT was observed between 6 and 8 h, but for the fats removal, the highest improvement was detected for the raise from 8 to 12 h.
The results obtained in this work confirm other results from the literature (Bull et al., 1982; Córdoba et al., 1984; Motta Marques et al., 1990; Shin and Paik, 1990; Morgan et al., 1991; González et al., 1994; Strydom et al., 1995; Petruy, 1999) according to which it is not possible to attain the load values typical of anaerobic high load reactors in sludge bed reactors fed with dairy wastewater. The analysis of the data obtained suggests that the main reason for reactor failure with this kind of wastewater can be ascribed to the sludge bed acting as a filter (Verstraete and Vandevivere, 1999) resulting in acceptable COD removals without a corresponding biological degradation fast enough to avoid organic matter accumulation in the sludge bed. This interpretation is in accordance with what has been previously reported about the mechanisms of COD removal in anaerobic reactors for the treatment of DWW (Petruy, 1999; Nadais et al., 2001; Nadais et al., 2003) .
Conclusions
• It is possible to operate UASB reactors with flocculent sludge for the treatment of dairy wastewater with similar results to what is found in the literature for granular sludge.
• For HRTs between 6 h and 16 h a raise from 6 h to 12 h results in a clear improvement of reactor performance, but when the HRT is raised from 12 h to 16 h the improvement is minimal. An HRT of 12 h or higher is necessary to attain both soluble COD and VFA removals and protein mineralisation near 80% and fat removals above 60%. In addition to operation at the optimum HRT the applied load must not exceed 2.5 g COD/ℓ·d in order to attain COD conversions to methane above 70%.
• The low percentage of conversion to methane of the removed COD indicates a significant accumulation of organic matter in the sludge bed for all the HRT tested, suggesting the need of an alternative operating mode, since the raise in HRT above 12 h does not improve the system behaviour. 
